Thermolysis of half-sandwich vanadium imido complexes Cp(RN)V(i-Pr 2 N)Me (R = p-Tol, 1a; R = t-Bu, 1b) results in a mixture of products, including vanadium(IV) dimers [CpVMe] 2 (μ-RN) 2 , i-Pr 2 NH, i-PrNCMe 2 , CH 4 , and one or more paramagnetic species. In the presence of dmpe (dmpe = bis(dimethylphosphino)ethane), PMe 3 , or PhSSPh, the initially formed paramagnetic species can be trapped, providing Cp(RN)VL 2 (R = p-Tol, L 2 = dmpe, 2a; R = t-Bu, L 2 = dmpe, 2b; R = p-Tol, L = PMe 3 , 3a; R = t-Bu, L = PMe 3 , 3b; R = t-Bu, L = SPh, 4b). This suggests that the initially formed species is [Cp (RN 
Introduction
Group 4 and 5 imido complexes have gained much interest as hydroamination catalysts. 1 In the case of vanadium, the chemistry of half-sandwich vanadium(V) imido complexes has been extensively studied.
2 By contrast there are only a few examples of imido complexes of vanadium(III). In general these complexes are prepared by reduction of their vanadium(V) dichloride precursors Cp(RN)VCl 2 with magnesium in the presence of phosphine or phosphite ligands or CO. 3 Two notable examples, however, generate half-sandwich vanadium(III) imido complexes via an alternative route. In both cases, vanadium (III) imido complexes are generated by unusual rearrangement reactions involving t-BuCN. 4 Here we report the generation of vanadium(III) imido complexes by thermolysis of Cp(RN)V-(i-Pr 2 N)Me (R=p-Tol, 1a; R=t-Bu, 1b) and their application as catalysts for the [2þ2þ2] cyclotrimerization of phenylacetylenes.
Results
Compound Cp(p-TolN)V(i-Pr 2 N)Me (1a) 5 is moderately stable at room temperature, though warming a solution of 1a in toluene-d 8 to 50°C results in degradation to a mixture of products. 1 H NMR spectroscopy reveals the formation of a mixture of [CpVMe] 2 (μ-p-TolN) 2 , 6 diisopropylamine, N-isopropylisopropylideneamine, methane, and one or more unidentified paramagnetic species (resonances at δ 39.72, 28.55, 19.02, 16.29, 9.32, 5.38, -5.21, and -8.44 ppm). It is interesting to note that the d 0 -isotopologue of i-Pr 2 NH was observed (see Discussion). We propose that these paramagnetic species are in the V(III) oxidation state and are EPR silent at RT and 77 K. 7 On the basis of the stoichiometry of the reaction, we tentatively identify this species as [Cp(p-TolN)V] or at least to a compound of this general formula. However, attempts to convert such species into low-spin vanadium(III) dmpe adducts (dmpe = bis(dimethylphosphino)ethane) did not provide the corresponding complex *To whom correspondence should be addressed. E-mail: M.W.
Cp(p-TolN)V(dmpe) (vide infra). See Scheme 1 for an overview of the constituents of the reaction mixture, including their relative amounts. 8 Compound Cp(t-BuN)V(i-Pr 2 N)Me (1b), which was prepared by addition of MeLi to the corresponding chloride precursor Cp(t-BuN)V(i-Pr 2 N)Cl, 9 also decomposes to generate a mixture of products. In this case thermolysis at 50°C is complete within 6 h by 1 H NMR spectroscopy. The 1 H NMR spectrum includes contributions from two diamagnetic species, and a mixture of presumably more than one paramagnetic species was observed (δ 91. 45 This compound was initially obtained as the kinetic transisomer, which undergoes thermal equilibration (4:1) in favor of the cis-isomer.
Addition of the oxidant PbCl 2 to the reaction mixture results in the formation of Cp(t-BuN)V(i-Pr 2 N)Cl 9 and an additional amount (20%) of N-isopropylisopropylideneamine, indicating that one of the paramagnetic species is the vanadium(IV) compound Cp(t-BuN)V(i-Pr 2 N)(i-PrNCMe 2 ). This compound could be identified by EPR spectroscopy, which shows, prior to oxidation, a signal corresponding to a d 1 -vanadium compound with a typical octet hyperfine structure with a( 51 V) = 18 G.
Although this coupling is small compared to most other vanadium(IV) sandwich and half-sandwich complexes known in the literature (61-80 G), 11 it is larger than the hyperfine coupling found in complexes of the type Cp* 2 VNAr (Ar = aryl; 5-10 G).
12
In the case of the decomposition of 1b, addition of dmpe to the initially obtained reaction mixture did result in the formation of the dmpe adduct of the expected vanadium(III) imido species, Cp(t-BuN)V(dmpe) (2b, see below). Apart from the spectral features for compound 2b, the 1 H NMR spectrum of the reaction mixture revealed that one of the paramagnetic species had disappeared (the remaining paramagnetic species shows resonances at δ 15.40, 12.11, 10.06, and -6.44 ppm). In addition, an additional amount (22%) of N-isopropylisopropylideneamine was observed, indicating that the vanadium(III) imido species was initially supported by an imine ligand.
When the thermolysis of 1a and 1b was carried out in the presence of a small excess (1.2 equiv) of dmpe, the corresponding dmpe adducts, Cp(RN)V(dmpe) (R = p-Tol: 2a; R=t-Bu: 2b, Scheme 3), were trapped.
1 H NMR spectroscopy revealed that in both cases this is the major species observed (90% and 94% conversion, respectively). In the case of compound 2a, a small amount of the vanadium dimer [CpVMe] 2 (μ-p-TolN) 2 was observed also (6%), whereas the only other half-sandwich vanadium species observed in the case where 2b is the starting material. The formation of the expected amounts of i-Pr 2 NH, i-PrNCMe 2 , and methane were observed in both reactions. Compounds 2a and 2b were prepared on a preparative scale by warming toluene solutions of 1a and 1b in the presence of 1 equiv of dmpe. The compounds were isolated in 55% and 45% yield, respectively, as purple and green crystals. Both compounds were studied using single-crystal X-ray diffraction (see Figure 1 for an ORTEP representation and Table 1 for selected bond distances and angles). The structures of 2a and 2b are very similar. Both compounds adopt a three-legged pianostool geometry. The V-N bond distances (1.7193(18) and 1.6903(1) Å , respectively) are characteristic for a V-N double bond and are similar to those reported elsewhere. The vanadium(III) imido species [Cp(RN)V] was also trapped with PMe 3 or PhSSPh (Scheme 3). Thermolysis of 1a and 1b in the presence of PMe 3 (2 equiv) affords the corresponding bis-trimethylphosphine adducts Cp(RN)V-(PMe 3 ) 2 (R = p-Tol: 3a; R = t-Bu: 3b) in a 82% and 86% yield (determined by integration of the 1 H NMR spectrum of the reaction mixture using Cp 2 Fe as internal standard). In addition to the formation of compound 3a, a small amount of dimer [CpVMe] 2 (μ-p-TolN) 2 was observed (5%) as well as the same paramagnetic species that was observed after thermolysis in the absence of any of the other trapping agent. 6 in the presence of 10 mol % of compounds 1a or 1b to 80°C for 28 and 8 h, respectively, resulted in 88% and 90% conversion of the alkyne to form a mixture of products. The main product observed is 1,2,4-and 1,3,5-triphenylbenzene (1a: 65% yield, 1.5:1 ratio; 1b: 64% yield, 1.2:1 ratio), with small amounts of dimers, tetramers, and higher oligomers observed as well. In the case of compound 1a, the trimerization of diphenylacetylene resulted in 80% conversion of the substrate to yield 71% of hexaphenylbenzene (Scheme 4).
Discussion
In the present study the trapping of vanadium imido species using a series of trapping agents was examined. The main finding is that the yield of the vanadium(III) imido species increased significantly when dmpe was employed as trapping agent. The more conventional route to species A and B is depicted in Scheme 5. Compound A is generated by β-hydrogen transfer involving one of the i-Pr methine protons and the methyl ligand to generate N-isopropylisopropylideneamine and methane, whereas species B is the result of a homolysis of the V-N bond of the diisopropylamide ligand, followed by dimerization of the resulting vanadium-(IV) species, [Cp(RN)VMe]. The mechanism shown in Scheme 5, however, does not rationalize (i) the increased yield of the vanadium(III) imido species A upon addition of dmpe and (ii) that the generation of diisopropylamine during this reaction is observed as its d 0 -isotopologue. In the case of the mechanism described in Scheme 5, the d 1 -isotopologue is expected where the hydrogen atom source is the solvent.
Therefore, an alternative mechanism can be proposed, in which the formation of both species A and B and the effect of the dmpe ligand and the absence of deuterium incorporation in the diisopropylamine generated are rationalized. The mechanism is depicted in Scheme 6 and involves initial homolysis of the vanadium-nitrogen bond of the diisopropylamide ligand to generate a vanadium(IV) species [Cp(RN)VMe] and the diisopropylamide radical. The latter disproportionates to generate equimolar amounts of diisopropylamine and 
Conclusions
A new route to half-sandwich vanadium(III) imido species is reported. As a side-product, the vanadium dimer [CpVMe] 2 -(μ-RN) 2 is observed also. The observation of i-Pr 2 NH rather than i-Pr 2 ND in the reaction mixture, as well as the increased yield of the vanadium(III) imido species upon addition of dmpe, suggests a mechanism in which both products originate from the same intermediate. This intermediate is a vanadium(IV) imido species [Cp(RN)VMe], the result of a homolysis of the vanadium-amido bond. The in situ-generated vanadium(III) imido species can be trapped using phosphine ligands and PhSSPh or used as a [2þ2þ2] cyclotrimerization catalysts for phenylacetylenes to generate substituted benzenes.
Experimental Section
General Considerations. All manipulations of air-and moisture-sensitive compounds were performed under a nitrogen atmosphere using standard Schlenk line, vacuum line, and glovebox techniques. Reagents were obtained from commercial suppliers and used as received unless stated otherwise. Solvents were passed, under a dinitrogen atmosphere, over a column containing BASF R3-11 supported Cu-based scavenger and a mixture of alumina and either 3 Å mol sieves (toluene) or 4 Å mol sieves (pentane, toluene, Et 2 O) before use. Benzene-d 6 was dried on Na/K alloy and transferred in vacuo prior use. PhCCH was dried over CaH 2 , and Cp(p-TolN)V(N-i-Pr 2 )Me was prepared according to the literature procedures. 5 NMR spectra were recorded on Varian VXR-300 (300 MHz), Varian Mercury Plus (400 MHz), or Unity (500 MHz) spectrometers. Chemical shifts were determined relative to the residual solvent peaks and referenced to TMS. 51 V NMR chemical shifts are reported in ppm relative to VOCl 3 , which is used as an external reference (VOCl 3 , δ = 0 ppm). EPR spectra (X-band, 9.46 GHz) were recorded on a Bruker ECS106 instrument. GC analyses were performed on a HP 6890 instrument with a HP-1 dimethylpolysiloxane column (19095 Z-123). GC-MS spectra were recorded at 70 eV using a HP 5973 mass-selective detector attached to a HP 6890 GC as described above. Elemental analyses were performed at the Microanalytical Department of the University of Groningen or Kolbe Mikroanalytisches Laboratorium (M€ ulheim an der Ruhr, Germany).
Thermolysis of Cp(N-p-Tol)V(i-Pr 2 N)Me. In an NMR tube equipped with a Teflon (Young) valve, Cp(p-TolN)V(i-Pr 2 N)Me (0.055 g, 0.16 mmol) was dissolved in benzene-d 6 (0.6 mL). The tube was attached to the vacuum line and degassed using three freeze-pump-thaw cycles, after which the tube was placed in an oven at 50°C for 3 days. The tube was attached to the vacuum line, and the amount of methane formed in the reaction was determined using a Toepler pump (0.78 equiv of CH 4 ). The volatiles were transferred to a second tube and analyzed by 1 H NMR spectroscopy using Cp 2 Fe as internal standard and GC-MS analysis. This revealed formation of diisopropylamine (m/z=101) and N-isopropylisopropylideneamine (m/z=99) in 9% and 75% yield, respectively. i-Pr [CpVMe] 2 (μ-p-TolN) 2 . A solution of Cp(N-p-Tol)V(i-Pr 2 N)-Me (0.40 g, 1.2 mmol) in toluene (3 mL) was warmed at 50°C for 3 days. Slow cooling to room temperature afforded red-brown crystals, which were separated. The compound was identified by 1 H NMR spectroscopy as [CpVMe] 2 (μ-p-TolN) 2 and were obtained in 30% isolated yield.
Cp(t-BuN)V(i-Pr 2 N)Me. To a cold (-40°C) solution of Cp(tBuN)V(i-Pr 2 N)Cl (7.16 g, 22.2 mmol) in diethyl ether (150 mL) was added dropwise MeLi (14 mL, 1.6M, 22 mmol). The mixture was warmed to -10°C and stirred for 1 h. The color of the solution changed from red to yellow-brown. The workup was carried out at -10°C. After removal of the solvent in vacuo, the residual ether was stripped off by addition of 2 Â 20 mL of cold pentane and subsequent removal of the volatiles in vacuo. Extraction of the reaction mixture with cold pentane (100 mL) and removal of the solvent in vacuo at -10°C yielded 5.65 g (18.7 mmol, 84%) of the title compound as a brown oil, which crystallizes at -30°C. The tube was attached to the vacuum line and degassed using three freeze-pump-thaw cycles, after which the tube was placed in an oven at 50°C for 6 h. The tube was attached to the vacuum line, and the amount of methane formed in the reaction was determined using a Toepler pump (0.48 equiv of CH 4 ). The volatiles were transferred to a second tube and analyzed by 1 H NMR spectroscopy using Cp 2 Fe as internal standard and GC-MS analysis. This revealed formation of diisopropylamine and N-isopropylisopropylideneamine in 25% and 6% yield, respectively. The residue was redissolved in benzene-d 6 . Generation of Cp(p-TolN)V(dmpe). In an NMR tube equipped with a Teflon (Young) valve, Cp(p-TolN)V(i-Pr 2 N)Me (0.058 g, 0.172 mmol) and Cp 2 Fe (0.032 g, 0.172 mmol, internal standard) were dissolved in benzene-d 6 (0.6 mL). To the resulting solution was added dmpe (0.026 g, 0.172 mmol). The tube was attached to the vacuum line and degassed using three freeze-pump-thaw cycles, after which the tube was placed in the oven at 50°C for Cp(p-TolN)V(dmpe). One equivalent of dmpe (0.12 g, 0.80 mmol) was added to a solution of Cp(p-TolN)V(i-Pr 2 N)Me (0.27 g, 0.80 mmol) in toluene (20 mL). The reaction mixture was warmed to 50°C and stirred for 48 h. The solvent was removed in vacuo, and the mixture was stripped twice with pentane (5 mL). The solvent was removed in vacuo, and pentane (2 Â 5 mL) was added and pumped off, to remove residual toluene. Upon concentrating the solution to 10 mL and cooling to -80°C, 0.16 g (0.44 mmol, 55%) of reddish-purple block crystals of the title compound were obtained. Anal. Calcd for C 18 H 28 NP 2 V: C, 59.07; H, 8.09; N, 3.63. Found: C, 58.7; H, 7.69; N, 3.82.
Generation of Cp(t-BuN)V(dmpe). In an NMR tube equipped with a Teflon (Young) valve, Cp(t-BuN)V(i-Pr 2 N)Me (0.060 g, 0.20 mmol) was dissolved in benzene-d 6 (0.6 mL). To the resulting solution was added dmpe (0.030 g, 0.20 mmol). The tube was attached to the vacuum line and degassed using three freeze-pump-thaw cycles, after which the tube was placed in the oven at 50°C for 6 h. Subsequently the tube was attached to the vacuum line and the amount of methane formed during the reaction was measured using a Toepler pump (0.94 equiv of CH 4 ).
1 H NMR analysis confirmed the presence of N-isopropylisopropylideneamine and the title compound (94% Cp(t-BuN)V(dmpe). Dmpe (0.116 g, 0.771 mmol) was added at ambient temperature to a solution of Cp(t-BuN)V(i-Pr 2 N)Me (0.233 g, 0.771 mmol) in toluene (20 mL). The red-brown solution was warmed to 50°C and stirred overnight. The solvent was removed in vacuo, and pentane (2 Â 5 mL) was added and pumped off, to remove residual toluene. The residue was extracted with 20 mL of pentane. The solution was concentrated to 10 mL and cooled to -80°C, affording 0.10 g (0.30 mmol, 45%) of green block-shaped crystals of the title compound. Anal. Calcd for C 15 H 30 NP 2 V: C, 54.54; H, 9.44; N, 3.98. Found: C, 54.10; H, 9.12; N, 4.21.
X-ray Analysis of Cp(RN)V(dmpe) (R = p-Tol, t-Bu). Suitable crystals of 3.1, 3.5, and 3.6 were mounted on top of a glass fiber in a drybox and transferred, using inert-atmosphere handling techniques, into the cold nitrogen stream on a Bruker SMART APEX CCD diffractometer. Intensity data were corrected for Lorentz and polarization effects, scale variation, and decay and absorption: a multiscan absorption correction was applied, based on the intensities of symmetry-related reflections measured at different angular settings (SADABS). The structures were solved by Patterson methods, and extension of the model was accomplished by direct methods applied to difference structure factors using the program DIRDIF. A subsequent difference Fourier synthesis resulted in the location of all the hydrogen atoms, whose coordinates and isotropic displacement parameters were refined. All refinement and geometry calculations were performed with the Generation of CpV(N-t-Bu)(PMe 3 ) 2 . In an NMR tube equipped with a Teflon (Young) valve, Cp(t-BuN)V(i-Pr 2 N)Me (0.040 g, 0.13 mmol) was dissolved in benzene-d 6 . To the solution PMe 3 (0.020 g, 0.26 mmol) was added. The tube was warmed at 50°C for 6 h, and the color changed to green-brown. The volatiles were removed in vacuo, affording the title compound as a brown-green oil (86% yield, Cp 2 Fe internal standard). Catalytic Cyclotrimerization of Phenylacetylene Using Cp-(RN)V(N-i-Pr 2 )Me (R = p-Tol, t-Bu). All cyclotrimerization experiments were performed in NMR tubes equipped with a Teflon (Young) valve. To a solution of the precatalysts Cp(pTolN)V(N-i-Pr 2 )Me or Cp(t-BuN)V(N-i-Pr 2 )Me (0.045 mmol) in benzene-d 6 (0.6 mL) was added 1 equiv of cyclohexane (0.045 mmol, 5 μL added via microsyringe), followed by 10 equiv of PhCCH (0.046 g, 0.45 mmol). The tube was placed at 80°C and monitored by 1 H NMR spectroscopy. After completion of the reactions, the mixtures were analyzed by GC-MS and GC as well, using cyclohexane as internal standard (R f = 1.02).
Catalytic Cyclotrimerization of Diphenylacetylene Using Cp(tBuN)V(N-i-Pr 2 )Me. The cyclotrimerization experiment was performed in an NMR tube equipped with a Teflon (Young) valve. A solution of Cp(t-BuN)V(N-i-Pr 2 )Me (0.03 mmol, 0.010 g) in benzene-d 6 (0.6 mL) was made, and diphenylacetylene (0.30 mmol, 0.053 g) was added. The tube was warmed at 80°C. After 3 h at this temperature white crystals started to form in the tube, and after 24 h the amount of crystals had increased considerably. The tube was kept at this temperature for another 60 h, after which the solid part was separated from the liquid by centrifuge. After washing with pentane (2 Â 1 mL), white crystals of hexamethylbenzene were obtained in 71% yield. The product was identified by GC-MS analysis (THF solvent).
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